The resolution and fi delity of global chronostratigraphic correlation are direct functions of the time period under consideration. By virtue of deep-ocean cores and astrochronology, the Cenozoic and Mesozoic time scales carry error bars of a few thousand years (k.y.) to a few hundred k.y. In contrast, most of the Paleozoic time scale carries error bars of plus or minus a few million years (m.y.), and chronostratigraphic control better than ±1 m.y. is considered "high resolution." The general lack of Paleozoic abyssal sediments and paucity of orbitally tuned Paleozoic data series combined with the relative incompleteness of the Paleozoic stratigraphic record have proven historically to be such an obstacle to intercontinental chronostratigraphic correlation that resolving the Paleozoic time scale to the level achieved during the Mesozoic and Cenozoic was viewed as impractical, impossible, or both.
INTRODUCTION
Historically, the Silurian has been considered to be an interval of relative climatic stability between the Late Ordovician icehouse and the Devo nian terrestrial revolution, during which high sea levels and a greenhouse climate combined to produce an ~30-m.y.-long episode of little interest (Fischer, 1983; Bassett and Edwards, 1991) . Over the past two decades, however, it has become increasingly clear that the Silurian is in fact among the climatically least stable periods of the Phanerozoic because it contains at least four major positive carbonate carbon isotope (δ 13 C carb ) excursions >+4‰ (Samtleben et al., 1996 (Samtleben et al., , 2000 Saltzman, 2002; Eriksson and Calner, 2005; Calner and Eriksson , 2006; Cramer et al., 2006a; Kaljo et al., 2007) , including the largest positive excursion of the Phanerozoic with values exceeding +10‰ (Talent et al., 1993; Wigforss-Lange, 1999; Jeppsson et al., 2007) . The dramatic global climate events that must have occurred during the Silurian in order to produce such variability in the δ 13 C carb record demonstrate the importance of Silurian research to our understanding of the evolution of the global climate system. However, one fundamental feature of Paleozoic stratigraphy has limited the direct applicability of deep-time studies to investigations of more recent time intervals and vice versa. The nearly complete lack of pre-Mesozoic deep-sea strata adds a degree of diffi culty to intercontinental chronostratigraphic correlation that scientists working on post-Paleozoic strata seldom encounter; rarely can the Paleozoic record of climate change be correlated globally with accuracy and precision better than one million years. The coarser resolution of the Paleozoic time scale limits direct application of modern global climate studies to Paleozoic problems because they typically concentrate on much shorter (Milankovitch, millennial, etc.) time scales and events. There is no a priori reason why time scales and events of such short duration should not or could not be investigated during the Paleozoic.
Largely independent efforts toward a highresolution Silurian chronostratigraphy over the past decade (e.g., Jeppsson, 1997; Jeppsson et al., 2006; Männik, 1998 Männik, , 2007a Loydell, 1998; Loydell et al., 1998 Loydell et al., , 2003 Kaljo et al., 1998 Kaljo et al., , 2003 Kaljo et al., , 2007 Munnecke et al., 2003; Porębska et al., 2004; Cramer et al., 2006a Cramer et al., , 2006b Kaljo and Martma, 2006) have made signifi cant improvements to global Silurian chronostratigraphic correlation. Here, for the fi rst time, we integrate all of the available cono dont, graptolite, and carbonate carbon isotope data from seven of the chronostratigraphically best constrained Silurian regions, outcrops, and cores worldwide ( Fig. 1) : the Robert Moses Power Plant S-1 core, New York, USA; the Banwy River section, Wales, UK; Gotland, Sweden; the Ohesaare core, Estonia; the Ruhnu core, Estonia; the Viki core, Estonia; and the Aizpute-41 core, Latvia; in order to demonstrate the global correlation potential of multiproxy Paleozoic chronostratigraphy.
The carbonate carbon isotope (δ 13 C carb ) data from the Banwy River section and the Aizpute-41 core were analyzed for this investigation. The δ 13 C carb data from diagenetically unaltered brachiopods from Gotland, Sweden, have been published by Samtleben et al. (1996 Samtleben et al. ( , 2000 Samtleben et al. ( , 2001 and Munnecke et al. (2003) , and a generalized curve of this data set was published by Calner et al. (2004) . In the present study new data from Gotland are added to this data set. All available conodont, graptolite, and carbonate carbon isotope data from the three Estonian cores (Ruhnu, Ohesaare, and Viki) are shown together for the fi rst time here, and they are combined with new data from the Ohesaare and Viki cores. In an effort to provide a chronostratigraphic standard against which future research can be correlated, below we discuss the current state of early Silurian chronostratigraphy. We provide clarifi ed defi nitions of biostratigraphic and chemostratigraphic terms in order to minimize nomenclatural issues common to interdisciplinary research.
Although the remainder of this paper deals with the technical aspects of Telychian-Sheinwoodian global biochemostratigraphic correlation, this Silurian example can serve more broadly to demonstrate several general and specifi c empirical warnings for future integrated, high-resolution, biochemostratigraphic correla tion. The scale of investigation is critical. Whereas it should be expected that paleobiological events are broadly synchronous with global climate events, at what scale of investigation are paleobiological and paleoclimatic events diachro nous? High-resolution chemostratigraphic data have the potential to provide extremely accurate and precise global correlations but still must be broadly verifi ed by biostratigraphy fi rst. Finally, there are stratigraphic and diagenetic factors that can limit the chronostratigraphic utility of chemostratigraphic data, and in such cases, biostratigraphy must be integrated with chemostratigraphy to achieve the desired certainty of correlation.
SILURIAN CHRONOSTRATIGRAPHY
The Silurian Period represents a smaller amount of time than any other geologic period except the Neogene (Geologic Time Scale 2004 , Gradstein et al., 2004) . Likewise, Silurian epochs and ages are also comparatively short, so much so that the Wenlock, Ludlow, and Pridoli (the second, third, and fi nal of the four Silurian epochs, respectively) combined represent less time (~12 m.y.) than the Famennian Age of the Devonian alone (~15 m.y.). The result is a detailed chronostratigraphic framework making the Silurian a natural target for highresolution chronostratigraphy.
Base of the Wenlock Series
The Wenlock Series was formally ratifi ed (Martinsson et al., 1981) as the second Silurian Series following a review of the classical strata around Wenlock Edge, Shropshire, UK (Bassett et al., 1975) . A stream bank along Hughley Brook, no longer well exposed and subsequently shown to be faulted, was chosen as the stratotype section for the global boundary stratotype section and point (GSSP) of the base of the Wenlock Series. The GSSP was stated to coincide with the fi rst appearance of the graptolite Cyrtograptus centrifugus and therefore the base of the Cyrtograptus centrifugus graptolite Biozone. Unfortunately the global stratotype section is devoid of graptolites in the critical interval: they are absent from 10 m below to 3 m above the GSSP, requiring alternative biostratigraphic controls (i.e., conodonts and chitinozoans) to be used around this boundary (Mabillard and Aldridge, 1985) . At present, global stratigraphic sections can be correlated to the GSSP using conodont biostratigraphy because extinction Datum 2 of the Ireviken Event (Jeppsson, 1987 (Jeppsson, , 1997 lies within a few centimeters (probably millimeters) of the GSSP (Mabillard and Aldridge, 1985; Jeppsson, 1997; Loydell, 2008a) . It should be noted, however, that neither Apsidognathus nor Ozarkodina polinclinata polinclinata, the LAD (last appearance datum) of which are Datum 2, have yet been recovered from the stratotype section (see discussion in Jeppsson, 1997) . David Loydell, who was asked by the International Subcommission on Silurian Stratigraphy (ISSS) to serve as "leader and organizer" of the task group for the base of the Wenlock Series, has detailed the problems regarding the formal defi nition of the boundary in Loydell (2008a) and the fi ndings of the task group are summarized below.
Because conodonts and chitinozoans are available at the global stratotype section, localities that contain both conodonts and chitinozoans together with graptolites became essential to defi ne the placement of the GSSP within the graptolite biostratigraphic zonation. Primarily through the study of Baltic cores and outcrops (Männik, 1998 (Männik, , 2007a (Männik, , 2007b Kaljo et al., 1998 Kaljo et al., , 2003 Kaljo et al., , 2007 Loydell et al., 1998 Loydell et al., , 2003 Loydell and Nestor, 2005 ) that contain conodonts, chitinozoans, and graptolites, it has been demonstrated that Datum 2 of the Ireviken Event (the de facto position of the GSSP) correlates to a position either at the base of or (more likely) within the Cyrtograptus murchisoni graptolite Biozone (Loydell et al., 2003; Männik, 2007a Männik, , 2007b , which is at least a full zone higher than the original defi nition of the GSSP (coincident with the fi rst appearance of C. centrifugus) presented in Martinsson et al. (1981) . This is consistent with the conclusions of Mullins and Aldridge (2004) , who studied the chitinozoans of the Hughley Brook section and concluded, based on correlation with the graptolite-and chitinozoan-bearing Banwy River section, that the base of the Wenlock Series correlates to a position within the upper C. centrifugus to lower C. murchisoni graptolite biozone interval. Research on the base of the Wenlock Series is ongoing (Loydell, 2008a) . Details of the graptolite and conodont species used to correlate the base of the Wenlock Series herein are provided below.
Telychian-Homerian Biostratigraphy
The graptolite biozonation of Loydell (1998) is used in this investigation. The base of each biozone is defi ned by the FAD (fi rst appearance datum) of the eponymous species (Fig. 2) . This differs from other published biozonations (e.g., Melchin et al., 2004) by the use of the "midWenlock" interval for the upper Sheinwoodian. This refl ects diffi culties in precise inter national correlation in this interval, resulting from (1) the provincialism of graptolites during this interval; (2) the need for taxonomic revision of some late Sheinwoodian graptolite taxa (e.g., "Monograptus" antennularius); and (3) the fact that in some areas (e.g., Wales; Zalasiewicz and Williams, 1999 ) the guide species Cyrtograptus rigidus and Monograptus fl exilis appear in the order C. rigidus then M. fl exilis, whereas in other areas (e.g., Poland; Teller, 1969) , M. fl exilis appears before C. rigidus. The guide species Cyrtograptus perneri has a similarly problematic fi rst occurrence as well (signifi cantly above the fi rst appearance of C. lundgreni, guide species of the lowest Homerian graptolite biozone, in some regions; Zalasiewicz and Williams, 1999) and is another of the previously utilized zones included here within the "mid-Wenlock" interval. Throughout this paper, when graptolites have been used to correlate the position of the base of the Wenlock Series, we have used the fi rst appearance of C. murchisoni.
The conodont biozonations of Jeppsson (1997) and Männik (1998 Männik ( , 2007a are used in this investigation (Fig. 3) . The Telychian portion (Männik, 1998 (Männik, , 2007a (Männik, , 2007b has the base of each biozone defi ned by the FAD of the eponymous species, whereas the interval surrounding the base of the Wenlock has biozones defi ned by the LAD of important, but not necessarily eponymous species (Jeppsson, 1997) . Many of the Sheinwoodian biozones above the boundary interval are defi ned by the FAD of the eponymous species as well (Jeppsson, 1997 ortus in southern Laurentia (Oklahoma, Clarita Formation, Haragan Creek Section, Sample #5, Barrick and Klapper, 1976) . If the presence of K. patula in a latest Sheinwoodian fauna containing K. ortus ortus is not the result of reworking, contamination, or sampling across an unconformity, this co-occurrence would require a range extension to K. patula and make the "Uppermost K. walliseri range" an invalid zone (cf. Jeppsson, 1997) . Although the FAD of K. patula remains unchanged by the information above, indicating that the Middle K. walliseri Zone may still be a valid zone; due to its exceptional rarity in most regions, the fact that it has no known lineage prior to the late Sheinwoodian, and until the range of K. patula can be studied in more detail, the use of the Upper K. walliseri Superzone is suggested for the interval between the LAD of Ozarkodina sagitta rhenana and the LAD of K. walliseri (Fig. 3) .
Detailed comparisons of the sequence stratigraphy, carbon isotope stratigraphy, and conodont biostratigraphy of North America with the classi cal area of Gotland, Sweden, have produced an important observation regarding the paleobiogeographic emergence of the cono dont Kockelella walliseri (Jeppsson, 1997; McLaughlin et al., 2008) . On Gotland, the fi rst occurrence of K. walliseri is within the basal Slite Formation (Jeppsson, 1997 (Jeppsson, , 2008 Sequence VII of McLaughlin et al., 2008 ; see below) where δ
13
C carb values are below +2.0‰ (Samtleben et al., 1996; Calner et al., 2004) , whereas in parts of North America K. walliseri fi rst occurs where δ
C carb values are still >+5.0‰ (Cramer et al., 2006a [conodont zonation modifi ed from Kleffner , 1991] ; Sequence VI of McLaughlin et al., 2008; Bancroft, 2008) prior to deposition of the Slite Formation on Gotland, thus indicating that we are likely seeing a paleobiogeographic difference in the fi rst occurrence of K. walliseri.
Even older occurrences of K. walliseri have been reported from North America (co-occurring with Pterospathodus within Sequence IV) by Helfrich (1980) , Over and Chatterton (1987) , and Uyeno (1990) , but until these collections can be restudied in detail to eliminate concerns about identifi cation, reworking of Pterospathodus into younger strata containing K. walliseri, and laboratory contamination, or be recollected using modern sampling methods, Talent et al., 1993) ; one in the Sheinwoodian Stage (Samtleben et al., 1996; Wenzel and Joachimski, 1996; Kaljo et al., 1997 Kaljo et al., , 2007 Munnecke et al., 2003) , with an onset correlating to a position within the Ireviken Event as defi ned by Jeppsson (1987 Jeppsson ( , 1997 and another in the Homerian Stage (Corfi eld et al., 1992; Samtleben et al., 2000; Porębska et al., 2004; Cramer et al., 2006b) , with an onset correlating to a position within the Mulde Event as defi ned by Jeppsson (1997) and Jeppsson et al. (2006) immediately following the bulk of the conodont extinctions and coincident with "der Grossen Krise" (The Great Crisis; Jaeger, 1959) , the most signifi cant graptolite extinction event during the Silurian. These chronostratigraphic markers make the Wenlock Series an ideal candidate for high-resolution chronostratigraphic study due to the presence of two protracted positive carbonate carbon (δ 13 C carb ) isotope excursions during an estimated six million years (GTS2004, Gradstein et al., 2004) . These δ 13 C carb excursions have been shown to be valuable tools for global chronostrati graphic correlation, particularly when combined with the equally high-resolution biostratigraphy of conodonts and graptolites (Kaljo et al., , 2003 Munnecke et al., 2003; Calner et al., 2004; Porębska et al., 2004; Cramer et al., 2006a Cramer et al., , 2006b Kaljo and Martma , 2006) . The early Sheinwoodian (Ireviken) δ 13 C carb excursion is the best documented of the Silurian excursions and has now been identifi ed in more than 20 localities worldwide (Talent et al., 1993; Samtleben et al., 1996; Wenzel, 1997; Kaljo et al., 1997 Kaljo et al., , 1998 Kaljo et al., , 2003 Kaljo et al., , 2007 Saltzman, 2001; Munnecke et al., 2003; Martma et al., 2005; Noble et al., 2005; Cramer et al., 2006a Cramer et al., , 2006c Kaljo and Martma, 2006; Cramer and Saltzman, 2007) spanning the paleocontinents of Lau rentia, Avalonia, Baltica, and Gondwana.
At present, there is no standard defi nition of the beginning or end of an isotope excursion. Herein, we defi ne the onset of the excursion as the infl ection point immediately prior to the onset of the maximum positive rate of change in δ 13 C carb that defi nes the increasing limb of the excursion, not necessarily the onset of increasing isotope values. Likewise, we defi ne the end of the excursion as the point where δ 13 C carb values are consistently at or below the values immediately prior to the onset as defi ned above. Defi ning an excursion in this manner potentially allows the practical application of such terms to any excursion, but individual isotopic records will always be infl uenced by the continuity, completeness, and diagenetic history of the given section, all of which can potentially obscure the positions defi ned above. An open circle is used in all data fi gures to demonstrate the position we have determined to be the onset of the early Sheinwoodian (Ireviken ) δ 13 C carb excursion. All data tables are available in the GSA Data Repository (Tables DR1-DR9 1 ).
METHODS
The Banwy River section was analyzed for δ 13 C carb stratigraphy using samples collected by Loydell and Cave (1996) , together with additional samples collected by DKL in June, 2006 (see Loydell and Frýda, 2007) , which permits direct correlation between the δ 13 C carb data and the generally excellent graptolite biostratigraphic control of this section. Samples were cut to remove any weathered surfaces, polished to expose the area to be sampled, and microdrilled to generate a few decigrams of powder with a preference for fi ne-grained carbonate (Saltzman, 2002) . In the Aizpute-41 core, biostratigraphically useful early Silurian conodonts and graptolites occur together in abundance, and they permit the biostratigraphic positions of the isotope samples to be well constrained (Loydell et al., 2003) . Carbonate samples from the Aizpute-41, Ohesaare, Viki, and Ruhnu cores were prepared and analyzed using the methods as described in Kaljo et al. (1997) . Brachiopod samples from Gotland, Sweden, were prepared and analyzed as described in Samtleben et al. (2001) . Gotland is remarkable in that it is suffi ciently fossiliferous to allow brachiopods to be used for semicontinuous, high-resolution chemostratigraphy. Carbonate samples from Gotland come directly from the conodont samples used to construct the Jeppsson (1997) 
RESULTS

Banwy River, Wales
Data from the Banwy River section are shown ( Fig. 4) with the organic carbon isotope data of Loydell and Frýda (2007) . Stable isotope 1 GSA Data Repository item 2010130, TelychianSheinwoodian biochemostratigraphy and Swedish National Grid reference data, is available at http:// www.geosociety.org/pubs/ft2010.htm or by request to editing@geosociety.org. (Table DR1 [see footnote 1]) to the graptolite biostratigraphy of Loydell and Cave (1996) . The δ
13
C carb values are low at the base of the section (-7.0‰) and gradually increase to an initial high of -0.48‰ within the Monograptus fi rmus Biozone. A decline of roughly -2.0‰ occurred low in the M. riccartonensis Biozone before recovering to values >-0.5‰ higher in the M. riccartonensis Biozone. The highest values recovered in the section, +0.09‰ and +0.24‰, were recorded within the "mid-Wenlock" graptolite interval of Loydell (1998) Munnecke et al., 2003; Melchin and Holmden, 2006; Loydell, 2007 Loydell, , 2008b Cramer and Munnecke, 2008 C carb values are often taken as indicators of meteoric diagenetic overprinting of the primary marine δ 13 C carb signal (e.g., Algeo et al., 1992) . The infl uence of late-stage, postdepositional diagenesis is visible when the isotopic values of carbon and oxygen are plotted against each other (Banner and Hanson, 1990) C carb signal recorded from the Banwy River section were not altered by meteoric diagenesis. The fact that this section contains graptolitic shales and mudstones suggests that these strata were more enriched in organic carbon than they are at present (Fig. 4) . Remineralization of organic carbon and therefore contribution of isotopically light carbon during the diagenetic stabilization and/or cementation of the carbonates likely affected the δ
C carb values of the lower part of the section (Scholle and Arthur, 1980; Weissert et al., 2008) .
The data from the Banwy River section do not show a clear infl ection point but instead show a more gradual increase during the upper Telychian. As a result, the onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion recorded in this section remains diffi cult to defi ne. Prior to this study, the early Sheinwoodian (Ireviken ) δ 13 C carb excursion had been recorded in graptolite-bearing strata from the Ohesaare and Ruhnu cores, Estonia, and suggested a placement for the onset somewhere near the top of the C. murchisoni graptolite Biozone (Kaljo et al., 2007) . Both the δ 13 C org and total organic carbon (TOC) data of Loydell and Frýda (2007) show a major infl ection point at this level (gray band #1 in Fig. 4 ). This likely represents the onset of the early Sheinwoodian (Ireviken) δ 1997; Cramer and Saltzman, 2007; Young et al., 2008) meaning that determination of the timing of the onset of a δ 13 C carb excursion via δ 13 C org data (or vice versa) should be avoided whenever possible. Here, the δ 13 C carb record from the Banwy River section did not provide suffi cient evidence to place the onset of the excursion, and we were forced to make the determination based upon the organic data alone. Without prior confi rmation that the δ 13 C carb excursion began within the C. murchisoni graptolite Biozone (Kaljo et al., 2007 ; see discussion in Loydell and Frýda, 2007) , we would not have had sufficient justifi cation to determine the placement of the onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion within this section.
Aizpute-41, Latvia
Carbonate carbon isotope (δ At least one signifi cant break in deposition is likely present in the Aizpute-41 core, and it is most easily recognized by graptolite biostratigraphy. Just below the 930 m mark, graptolite biostratigraphy suggests the presence of an unconformity (Loydell et al., 2003) : the upper part of the C. lapworthi, the C. insectus, and the C. centrifugus graptolite biozones are not represented ( Fig. 5 ; Table DR2 [see footnote 1]). Immediately superjacent strata contain both the fi rst appearance of the graptolite C. murchisoni as well as the last appearance of the conodont Apsidognathus sp. making this one of the only localities known to contain both conodont and graptolite guide fossils necessary to correlate the base of the Wenlock Series. Unfortunately, the two species co-occur in strata above a probable unconformity, which means the fi rst appearance of C. murchisoni in this section may not represent the true base of the C. murchisoni graptolite Biozone. Similarly, the conodont Apsidognathus sp. is rare in the Aizpute-41 core, and the highest recovery of that species in this core evidently does not indicate the Pt. am. amorph.
Z.G.
K. ranuliformis
O. sagitta rhenana (Loydell et al., 2003; Männik , 2007a Männik , , 2007b . Based on the distribution of Kockelella ranuliformis, Datum 1 of the Ireviken Event in this section lies considerably higher (at 915.8 m, Männik, 2007b) . Accordingly, the position of Datum 2 with respect to the graptolite biostratigraphy is likely to be somewhere within the C. murchisoni Biozone rather than at its base.
Gotland, Sweden
The island of Gotland, Sweden, serves as the type area for the uppermost Telychian-Sheinwoodian conodont biozonation (Jeppsson, 1997) , and many of the outcrops utilized in this paper are those used to erect the conodont biozonal scheme (Table DR10 [ (Tables DR3 and DR4) , and the δ 13 C carb curve shown here thus represents a composite curve. The stratigraphic subdivision of Gotland strata follows Calner et al. (2004) and Jeppsson (2008) . The resulting lithostratigraphy-in combination with the detailed conodont biostratigraphy of Jeppsson (1997 Jeppsson ( , 2008 Jeppsson et al., 2006) -enables a precise stratigraphic classifi cation of samples included in this study. This curve is not based on the thicknesses of Gotland strata given by Hede (1921 Hede ( , 1940 Hede ( , 1960 ) because Hede's measurements were strongly faciesdependent . Instead a standardized section is constructed into which all samples are translated.
On the western side of Gotland most strata have been deposited in shelf environments (Samtleben et al., 1996 (Samtleben et al., , 2000 with comparatively constant sedimentation and accumulation rates, whereas the middle and the eastern part of the island are characterized by shallow-water carbonates deposited on a carbonate platform exhibiting abundant gaps and strongly varying sedimentation rates. For this reason, the sequence of strata in shelf facies on the western side of Gotland is used as standard herein, and all samples are adapted to this standardized shelf section. The sample positions given in Figures 6 and 9 and in Tables DR3 and DR4 [see footnote 1] thus represent the respective heights in the "standard section" regardless of the locality from which the samples have been collected. Obviously, the thicknesses of some stratigraphical units in the standard section differ signifi cantly from their thickness on the carbonate platform. For example, the thickness of the Högklint Formation developed as reef complexes and surrounding crinoidal and bioclastic limestones in large areas on the platform is between 20 and 35 m, whereas the coeval shelf deposits obtain only 11 m.
The topostratigraphic heights of the samples used for the composite δ 13 C carb curve have been determined in three different ways depending on the outcrop conditions and the depositional environment.
(1) The distance to the Phaulactis layer at the contact between the Lower and Upper Visby Formations, which is used as base line ( = 0 m), is either directly measured or is measured and calculated geometrically depending both on the topographic height of the sampled horizon and strike and dip of the strata. This is the normal case on the western side of Gotland with its uniform shelf facies and bedding, which is neither folded nor faulted.
(2) The topostratigraphic positions of samples from the shallow-water carbonates are translated into the standard section by linear interpolation. For example, a sample taken 15 m above the base of a 30-m-thick formation on the carbonate platform is placed at 7.5 m above the base of the corresponding 15-m-thick shelf formation. Because of the strongly varying sediments on the platform this method bears some uncertainties, however, the isotope values from such samples fi t well into the curve reconstructed by the "category-1" samples from shelf facies.
(3) As a result of the facies distribution on Gotland, the determination of the topostratigraphic height of samples from the eastern part of the island is more diffi cult. Here, the vertical distance from specifi c widespread marker beds, e.g., the Rhipidium tenuistriatum layer, is used. In some cases isolated samples had to be positioned solely due to their biostratigraphic placement within the conodont biozonation (Jeppsson, 1997; Jeppsson et al., 2006) . The heights of these samples are given in Tables  DR3 and DR4 [see footnote 1] and are marked with a double dagger ( ‡). Although the topostrati graphic position of some of these samples may deviate in the order of meters, the relative succession of the samples is correct.
On Gotland, the onset of the early Sheinwoodian (Ireviken) positive carbonate carbon isotope excursion has been precisely correlated to Datum 4 of the Ireviken Event by Munnecke et al. (2003) and is shown by an open circle (Fig. 6) . The Gotland δ There are two noticeable breaks in the isotope curve of Gotland ( Fig. 6 ; Tables DR3 and  DR4 [see footnote 1]); the fi rst is at the Högklint Formation-Tofta Formation contact; and the other at the Hangvar Formation-Slite Formation contact. Both of these lithostratigraphic contacts are disconformable (Hede, 1940; Eriksson and Calner, 2005; Jeppsson, 2008) . The δ 13 C carb values return to pre-excursion levels below +2.0‰ in the basal Slite Formation. Skoglund (1979) reported the occurrence of Monograptus cf. riccartonensis from the Högklint Formation (Fig. DR2 [see footnote 1] ). Reexamination of this specimen (DKL) shows that it is a distal fragment of a Monograptus that may be either M. fi rmus or M. riccartonensis, but the incomplete specimen does not allow identifi cation to species level.
Ohesaare-Viki-Ruhnu, Estonia
The Ohesaare core, Estonia, was studied in one of the fi rst attempts at a directly integrated, multiproxy, high-resolution biostratigraphy through the Llandovery and Wenlock Series , and some of the carbonate carbon isotope data have been published previously (Kaljo et al., 1997) . Here, 100 new data points are added to defi ne the onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion ( Fig. 7 ; Tables DR5 and DR6 [see footnote 1]). The Ohesaare δ 13 C carb record shows signifi cant instability during the late Telychian, suggesting that at least two disconformable surfaces are likely present (cf. Algeo et al., 1992) : one near the 352.00 m mark within the Velise Formation, and the other near the base of the Riga Formation (345.8 m). Both disconformities are within the Pt. amorphognathoides amorphognathoides Zonal Group in the conodont biostratigraphy and between the last appearance of C. lap worthi and the fi rst appearance of C. murchisoni in the graptolite biostratigraphy. This is consistent with a latest Llandovery age for the unconformity inferred by Loydell et al. (2003) from the Aizpute-41 core. The δ
13
C carb values increase in the lowermost Sheinwoodian and reach values >+4.0‰ within the Riga Formation but never exceed +5.0‰, before a long steady decline back to pre-excursion values within the Jaani Formation. In the Ohesaare core, the onset of the excursion occurs between Datum 3 and Datum 6 ( Fig. 7 ; Tables DR5 and DR6 [see footnote 1]).
The Viki core, Estonia, serves as one of the primary reference sections for the Telychian portion of the conodont biostratigraphic scheme (Männik, 2007a) . Most of the δ 13 C carb data presented here ( Fig. 8A ; Table DR7 [see footnote 1]) are from Kaljo et al. (2003) except for a handful of new data points near the base of the Wenlock Series. Similar to Gotland, the Viki δ 13 C carb record shows values averaging +1.5‰ in the Pt. amorphognathoides amorphognathoides Zonal Group and a rapid increase to above +4.0‰ during the earliest Wenlock. Carbonate carbon isotope values reach >+5.0‰ but then show a rapid decline back to pre-excursion values. In the Viki core, the onset of the excursion occurs at Datum 2 ( Fig. 8A ; Table DR7 [see footnote 1]).
The Ruhnu core, Estonia, has long served as a regional reference for Baltic Silurian stratigraphy (Põldvere, 2003) . No new samples from the Ruhnu core were included in this investigation, but a synoptic presentation of all presently available graptolite, conodont, and δ 13 C carb data is shown here for the fi rst time ( Fig. 8C ; Table  DR8 [see footnote 1]). The δ 13 C carb record shows values averaging +1.5‰ during the uppermost Telychian and rapidly increasing during the lowermost Sheinwoodian (Riga Formation), eventually exceeding +4.0‰ in the Jaani Formation. Similar to the Ohesaare δ 13 C carb record, Ruhnu values never exceeded +5.0‰ and show a slow, steady decline to pre-excursion values in the Jamaja Formation. In the Ruhnu core, the onset of the excursion occurs below Datum 3 ( Fig. 8C ; Table DR8 [see footnote 1]).
Robert Moses Power Plant S-1 Core, New York, USA
The Robert Moses Power Plant S-1 core, New York, represents the most detailed and extensive record of the early Sheinwoodian (Ireviken) positive carbon isotope excursion yet recovered from North America. The δ 13 C carb data from the S-1 core are shown in Figure 9C and Table DR9 (see footnote 1). Conodont biostratigraphic information is modifi ed from Kleffner (1991) and Cramer et al. (2006a) . Carbonate carbon isotope values increase by nearly +2.0‰ (from +3.13‰ to +4.98‰) across the Rockway Irondequoit contact, and except for a decrease of roughly -2.0‰ in the lowermost Rochester Formation, δ
13
C carb values remain near +5.0‰ into the Gasport Formation before declining to below pre-excursion values near the top of the Goat Island Formation. Due to the unconformity at the Rockway Irondequoit contact, the strata that contain Datum 3, Datum 6, and the onset of the excursion are all missing at this level ( Fig. 9C ; Table DR9 [see footnote 1]).
Comparison of the S-1 core to summaries of the stratigraphy of New York and the U.S. Midcontinent shows that the S-1 core exhibits an atypical record. In the core, the Rockway Formation is comparatively thin, and the black phosphatic interval below it, questionably assigned to the Williamson Formation by Cramer et al. (2006a) , is even thinner. Typically, the Rockway Formation is as thick, or thicker, than the Irondequoit Formation (Brett et al., 1995) , and the lack of an extensive Williamson Formation immediately below it suggests a sizeable disconformity in the Telychian portion of this core (Brett et al., 1995; McLaughlin et al., 2008) . The lithostratigraphic and biostratigraphic information provided ( Fig.  9C ; Table DR9 [see footnote 1]) has been modifi ed from Cramer et al. (2006a) to refl ect these observations (McLaughlin et al., 2008) .
CHRONOSTRATIGRAPHIC CORRELATION
The Silurian System is typical of much of the lower Paleozoic where both conodont and graptolite biozonations are available: one used primarily in shale basins and the other primarily on carbonate platforms. Correlating between these two types of biostratigraphy, however, has been challenging. Carbonate carbon isotope (δ 13 C carb ) stratigraphy provides an opportunity to correlate between independent biostratigraphic schemes and is particularly useful when the fossil groups used to construct the zonations are not found together in abundance. Here, we have compiled δ 13 C carb data from: two of the best studied Telychian through earliest Sheinwoodian graptolite localities (Banwy River and the Aizpute-41 core); the Telychian and Sheinwoodian reference sections for conodont biostratigraphy (Viki core and Gotland); the type area of the Niagaran (North American) Provincial Series (New York); as well as two of the most intensively studied Silurian cores in the world (Ruhnu and Ohesaare cores). As a result, we can verify and/or improve correlation between the graptolite and conodont biozonations, demonstrate the fi delity of δ 13 C carb stratigraphy as a chronostratigraphic tool, as well as begin to see the paleobiogeographic implications of integrated high-resolution chronostratigraphy.
Biochemostratigraphy
The compilation diagrams presented herein (Figs. 8 and 9 ) illustrate a remarkable degree of consistency between all three methods of chronostratigraphic correlation (graptolite and conodont biostratigraphy and δ 13 C carb chemostratigraphy). However, some important variability exists between the timing of biologic versus chemical events among the sampled sections. Rather than being a demonstration of the unreliability of biostratigraphy or the inconsistency of δ 13 C carb chemo stratigraphy, such variability should be expected when working at such a fi ne temporal scale. The data presented herein were collected at cm-scale resolution and the temporal variability we are seeing is likely to be measured in thousands of years, not millions of years (see below), but such variability forces us to address a signifi cant chronostratigraphic question: Is the fact that conodont fi rst and last appearances occur at different positions with respect to the early Sheinwoodian (Ireviken) δ 13 C carb excursion: (1) a result of the excursion beginning and ending at different times in different places; or (2) a result of FADs and LADs occurring at different times in different places?
Both choices are likely correct because neither the biostratigraphic nor chemostratigraphic markers are truly isochronous horizons; however, there is a difference in potential between the two choices. Because the global ocean mixing time is typically considered to be on the scale of a few k.y., even for poorly ventilated Paleozoic oceans (Kiehl and Shields, 2005) , a clearly global chemostratigraphic event such as the early Sheinwoodian (Ireviken) δ 13 C carb excursion is likely to be a reliable chronostratigraphic marker to within plus or minus a few thousand years (a few tens of thousands at most). Biological speciation and migration, or extinction and Lazarus taxa, on the other hand, are likely to be consistent within tens to hundreds of thousands of years (cf. Ma and Day, 2003) ; but global Paleozoic fi rst and last appearances, combined with the likelihood of actually sampling the true moment of fi rst or last appearance (Barrick and Männik, 2005) , are unlikely to be able to approach the chronostratigraphic potential offered by δ 13 C carb stratigraphy. The global limit to the chronostratigraphic resolving power provided by origination and/or extinction of any single species is highly variable. Because species typically develop from small or isolated populations in local areas, there is a geographic component to the rate of distribution of any given species. That is, it will take time to migrate across the geography of the planet. In addition, because speciation is often a response to changing environmental conditions, where new conditions provide a selective advantage for a new character possessed by a new species, there is also an environmental component to the rate of distribution of new species. Whereas local conditions may favor a new species, it may not be until global conditions are similarly advantageous that the new species can colonize the remainder of the planet. Therefore, geographic confi guration, oceanographic circulation, as well as global and local environmental conditions, can all signifi cantly impact the rate of expansion of new species. Similarly, the truly global last appearance of a species can be geologically instantaneous (such as has been proposed for the end-Cretaceous event), but more often, species tend to disappear fi rst in, what were to them, areas of marginal environmental conditions. A species may survive long after its interval of global cosmopolitan status, in small isolated areas of refugia, prior to its fi nal truly global last appearance. All of these factors limit the potential resolving power of single-taxon biostratigraphic zones, and some examples have been demonstrated by the data presented here.
The paleobiogeographical difference in the fi rst appearance of the conodont K. walliseri, fi rst appearing in North America at least a full sequence earlier than in the Baltic (Sequence VI versus Sequence VII of Brett et al., 1998) , and the varying positions of fi rst and last appearances with respect to the δ 13 C carb record (Figs. 8 and 9) likely demonstrate the fact that we are operating at the functional temporal limit of single-taxon biostratigraphic zonations. Until paleobiogeographic origination and migration histories are better documented, we have chosen herein to consider the δ 13 C carb record to be the chronostratigraphic tool of choice. Signifi cant future research is necessary to fully determine which will be the fi nal chronostratigraphic tool of record (isotopes, biostratigraphy, or something else), and our choice to use the δ 13 C carb record was made primarily in order to simplify discussion. As a result we discuss the changing positions of the datum points of the Ireviken Event with respect to the early Sheinwoodian (Ireviken) δ 13 C carb excursion below, not the other way around.
Onset of the Early Sheinwoodian (Ireviken) δ
C carb Excursion
Although conodont biostratigraphy had been well correlated with the early Sheinwoodian (Ireviken) δ 13 C carb excursion from Gotland (Munnecke et al., 2003) , the data presented here demonstrate important new information regarding the correlation of conodont and graptolite biostratigraphic zones with the onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion. Brand et al. (2006) correlated the onset of the excursion with the base of the C. centrifugus Biozone, and Noble et al. (2005) correlated it to a position below a combined C. centrifugus-C. insectus Biozone. Neither study contained graptolite biostratigraphic data to support these positions (see discussion in Loydell, 2007) . Without exception, the sections studied herein demonstrate that the onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion correlates to a position from high in the C. murchisoni graptolite Biozone to near the base of the M. fi rmus graptolite Biozone.
The gray band labeled 1 in Figures 5-9 (except Fig. 9A ) was drawn with a lower boundary at Datum 3 of the Ireviken Event and an upper boundary at Datum 6 effectively highlighting the Pt. pennatus procerus Superzone (Fig. 3) . In Gotland, New York, and the Ohesaare core, this interval (Pt. pennatus procerus Superzone) contains the infl ection point in the δ The presence of Datum 3 above the onset of the δ 13 C carb excursion is not the result of sampling a drill core (i.e., an effect of small sample size) because it is the presence, not the absence, of certain conodont species that is signifi cant here. It is the presence of Pt. amorphognathoides amorphognathoides and Panderodus sp. nov. N above the onset of the early Sheinwoodian (Ireviken ) δ 13 C carb excursion that extends Datum 3 to this level, and therefore likely represents actual variability in the last appearances of those species. The onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion correlates to a position ranging from Datum 2 (Viki core) to Datum 4 (Gotland) of the Ireviken Event, rather than exclusively to Datum 4 as was previously thought (Munnecke et al., 2003) .
The onset of the early Sheinwoodian (Ireviken ) δ 
Decline of δ 13 C carb Following Initial Peak
In sections that have been sampled at a suffi cient resolution and are comparatively stratigraphically complete, a consistent negative shift in the δ 13 C carb curve of roughly -1.0‰ to -2.0‰ slightly above the initial peak has been recorded in Sweden (Samtleben et al., 1996; Calner et al., 2004) , Iowa (Cramer et al., 2006c) , New York (Cramer et al., 2006a) , and now in the Banwy River section (Figs. 4 and 9) . On Gotland (Fig. 6) , this negative feature is recorded in the Högklint Formation, which, as discussed above, belongs to either the M. fi rmus or M. riccartonensis graptolite Biozone (Fig. DR2 [see footnote 1] ). Recognition of this δ 13 C carb feature in the M. riccartonensis Biozone in the Banwy River section (Fig. 4) is consistent with these observations. The gray band labeled 2 was drawn based upon the isotopic feature itself (Figs. 4, 6 , and 9), and is consistently located within the K. ranuliformis Superzone. This feature can be located more precisely within the Upper K. ranuliformis Zone; however, detailed biostratigraphic control is required to subdivide the superzone. In each conodont-bearing section included herein, we could defi ne the K. ranuliformis Superzone using available biostratigraphic data, but defi ning separate Lower and Upper K. ranuliformis biozones was possible only in a few localities.
This isotopic feature is restricted to the M. riccarto nensis graptolite Biozone and the Upper K. ranuliformis conodont Biozone within the K. ranuli formis Superzone. It should be noted that this negative δ 13 C carb feature is not associated with a sequence boundary or signifi cant disconformity (cf. Algeo et al., 1992) , but it occurs within a sequence (Sequence V of Brett et al., 1998; McLaughlin et al., 2008) , is defi ned by multiple isotope samples over several meters of strata (not a single data point or a single stratigraphic horizon), and is also recognizable in the well-preserved brachiopod data from Gotland (Fig. 6 ). Most importantly, this feature is biostratigraphically consistent from Laurentia, Avalonia, and Baltica (Fig. 9) .
End of the Early Sheinwoodian (Ireviken) δ
C carb Excursion
We have defi ned the end of the early Sheinwoodian (Ireviken) δ (Fig. 9C) at the base of Sequence VI of Brett et al. (1998) . This position is equivalent to the base of the Tofta Formation on Gotland (McLaughlin et al., 2008) . Kockelella walliseri fi rst occurs on Gotland (and apparently throughout the Baltic) where δ
13
C carb values are just below +2.0‰ at the very end of the early Sheinwoodian (Ireviken) δ 13 C carb excursion (Fig. 6) . In either case, δ
C carb values begin to be consistently below pre-excursion levels within the Lower K. walliseri Biozone (high in the biozone in North America, and near the base of the biozone in Baltica).
Temporal Control for TelychianSheinwoodian Chronostratigraphy
Radiometric age control for the Silurian is generally poor (Gradstein et al., 2004) , making it diffi cult to determine the scale of temporal resolution achieved in the present study. If the Sheinwoodian is only two million years long, as suggested by Gradstein et al. (2004) , then the entire early Sheinwoodian (Ireviken) δ 13 C carb excursion perhaps represents one million years. If this is the case, then the conodont and graptolite biozones that correlate to positions within the excursion are each on the order of 500 k.y. or less, and the interval near the base of the Wenlock Series and the onset of the δ 13 C carb excursion is defi ned by biozones (particularly conodont biozones) of signifi cantly shorter duration.
Recently, a method for identifi cation and cali bration of orbital signals within the deeptime sedimentary record has been developed (Meyers and Sageman, 2007) and applied to the Gotland sequence (Cramer, 2009) , and it provides the fi rst portion of an orbitally tuned Silurian time scale. Results (Cramer, 2009) indicate that the Upper Visby Formation was deposited at a rate of roughly 4.5 cm/k.y., meaning that the Pt. pennatus procerus Superzone represents a time interval of ≤100 k.y., and that the individual datum points during the Ireviken Event are separated by only tens of thousands of years. As a result, even though we cannot precisely correlate the onset of the early Sheinwoodian (Ireviken) δ 13 C carb excursion with graptolite or conodont biostratigraphy and are instead left with a range of correlation (upper part of the C. murchisoni to the base of the M. fi rmus graptolite Biozone or Datum 2 to Datum 4 of the Ireviken Event), such a range likely represents less than 100 k.y. Therefore, regardless of which proves to be the most reliable chronostratigraphic marker-conodonts, graptolites, or the δ 13 C carb record-the integration of all three chronostratigraphic tools has produced a Silurian time scale comparable to that of more recent time periods.
CONCLUSIONS
The early Sheinwoodian (Ireviken) δ 13 C carb excursion was entirely limited to the Wenlock, with an onset at a level from high within the C. murchisoni graptolite Biozone to the base of the M. fi rmus graptolite Biozone and from Datum 2 to Datum 4 of the Ireviken Event. A small decline in δ
13
C carb values occurs, slightly above the initial peak, within the M. riccartonensis graptolite Biozone and the Upper K. ranuliformis conodont Biozone (within the K. ranuliformis Superzone) before a return to a sustained interval of peak values. The δ
C carb values decline to a level consistently below pre-excursion values within the "mid-Wenlock" graptolite interval and within the Lower K. walliseri conodont Biozone (although where within the Lower K. walliseri Biozone appears to depend on the paleocontinent under investigation). The seven conodont biozones and four graptolite biozones between the base of the Wenlock Series and the top of the early Sheinwoodian (Ireviken) δ 13 C carb excursion, representing roughly one million years of time, demonstrate that these biozones (Fig. 10) have a maximum duration of <500 k.y. each and even shorter durations near the base of the Wenlock Series. By achieving intercontinental chronostratigraphic correlation on such a scale, we have begun to demonstrate that it is possible to erect a Paleozoic time scale comparable to that of younger eras.
The present study results from more than a decade of intense research surrounding the base of the Wenlock Series and the early Shein woodian (Ireviken) δ 13 C carb excursion and the contributions of numerous stratigraphic disciplines from biostratigraphy to sedimentology to isotope geochemistry to basic core logging and fi eld mapping. The improvements made to global Silurian chronostrati graphic correlation during the past decade have had a signifi cant impact on the age and global correlation of the Silurian strata of North America (Kleffner et al., 2005; Metzger, 2005; Cramer et al., 2006a Cramer et al., , 2006b Cramer et al., , 2006c Melchin and Holmden, 2006; McLaughlin et al., 2008) , while the growth of δ 13 C carb stratigraphy as a chronostratigraphic tool independent of biostratigraphy has begun to provide a new opportunity to investigate the paleobiogeographic migration of certain taxa. It is only through the integration of various means of chronostratigraphic correlation that the recent advances in Silurian global chronostratigraphy could have taken place. We hope that this paper may serve to demonstrate not only what chronostratigraphic resolution is possible during the Paleozoic but also how much basic stratigraphic research still remains to be done in order to produce a Phanerozoic time scale of equal resolution and fi delity throughout. 
